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Initial hydrophobic collapse is not necessary for folding RNase A
Angela Nöppert1, Klaus Gast1, Dietrich Zirwer1 and Gregor Damaschun1,2
Background: One of the main distinctions between different theories
describing protein folding is the predicted sequence of secondary structure
formation and compaction during the folding process. Whether secondary
structure formation precedes compaction of the protein molecules or secondary
structure formation is driven by a hydrophobic collapse cannot be decided
unequivocally on the basis of existing experimental data.
Results: In this study, we investigate the refolding of chemically denatured,
disulfide-intact ribonuclease A (RNase A) by monitoring compaction and
secondary structure formation using stopped-flow dynamic light scattering and
stopped-flow CD, respectively. Our data reveal the formation of a considerable
amount of secondary structure early in the refolding of the slow folding species
of RNase A without a significant compaction of the molecules. A simultaneous
formation of secondary structure and compaction is observed in the
subsequent rate-limiting step of folding.
Conclusions: During folding of RNase A an initial global hydrophobicity is not
observed, which contradicts the view that this is a general requirement for
protein folding. This folding behavior could be typical of similar, moderately
hydrophobic proteins.
Introduction
Protein folding is the process by which a protein attains
the native three-dimensional structure encoded in its
amino acid sequence. In the past, different models were
developed to understand the folding process [1]. The
collapse model proposes that collapse drives concurrent
secondary structure formation [2–4], whereas a sequen-
tial-folding model suggests that secondary structure for-
mation precedes collapse [5–7]. For the observation of
secondary structure formation many techniques are well
established; for example, time-resolved CD [8], Fourier
transform infrared spectroscopy [9], and pulsed amide-
proton exchange in conjunction with NMR [10]. In con-
trast, direct methods monitoring compaction during
protein folding are only just beginning to emerge.
Stopped-flow small-angle X-ray scattering (SAXS) on
synchrotrons has been used for this purpose [11,12].
Stopped-flow SAXS is rather expensive, however, and
has the disadvantage of needing protein concentrations
of ≥ 5 g/l. At these high concentrations, the determina-
tion of the radius of gyration is difficult as a result of
strong virial effects for solutions of unfolded proteins
leading to a considerable concentration dependence of
the measured radius of gyration [13]. Stopped-flow
dynamic light scattering (DLS) [14] can be performed
with protein concentrations as low as 0.5 g/l, for which
virial effects can be neglected. In the present study, we
combine kinetic CD and kinetic DLS to explore secon-
dary structure formation and changes in the compactness
of ribonuclease A (RNase A) during in vitro refolding.
Denaturant dilution induced refolding kinetics of disulfide-
intact RNase A are investigated.
The refolding pathway of RNase A is complex as a result of
the existence of multiple unfolded species. The hetero-
geneity of the unfolded state of the protein arises mainly
from the cis–trans isomerization of X–Pro peptide bonds
[15]. For RNase A, the conformations of the peptide bonds
preceding Pro93 and Pro114, which are cis in the native
state, are of particular importance (Figure 1). These unfold-
ed species refold to the native state with different refolding
rates, giving rise to multiple refolding phases with different
time constants. Five folding phases corresponding to five
unfolded species have been observed experimentally. The
very fast folding species Uvf [16] and the fast folding species
Uf [17] fold on a millisecond time scale. The folding of the
medium species Um takes place in a few seconds [18]. The
slow folding species USI and USII fold on a second to minute
time scale [19,20]. The major slow folding species USII
accounts for ≥ 50% of the total unfolded protein. The
refolding pathway of USII has two known folding intermedi-
ates, the early intermediate I1 and the late native-like inter-
mediate IN [21–24]: USII→I1→IN→N. The folding step
from IN to N is a proline isomerization step coupled with a
small conformational change [19].
In the present study, we examine the refolding of the slow
species USII by stopped-flow DLS and stopped-flow CD.
A connection between secondary structure formation and
compaction during refolding is made. Our results reveal
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the formation of secondary structure prior to the conden-
sation of the protein into the compact native structure. On
the basis of our results, the framework model and the
hydrophobic-collapse model are discussed.
Results
Equilibrium unfolding transitions of RNase A
Equilibrium unfolding investigations are performed (CD at
276 nm, CD at 222 nm and the Stokes’ radius, RS) in order
to obtain reliable values of the measured quantities for the
unfolded protein under refolding conditions and for the
completely folded protein. Figure 2a shows the guanidine
hydrochloride (GdnHCl) induced equilibrium unfolding
transition monitored by CD at 222 nm, 10°C and pH 6.
Data monitored by CD at 276 nm are not shown. The
change in RS induced by GdnHCl under the same condi-
tions is determined only for the pre-transition and post-
transition region (Figure 2b). Values of RS at different
GdnHCl concentrations are calculated from the corre-
sponding diffusion coefficients (D) extrapolated to zero
protein concentration, D(0), by using the Stokes–Einstein
relation. The dependence on protein concentration (c) of
D, measured within the concentration range between
0.5 mg/ml and 9 mg/ml for each GdnHCl concentration, is
weak, having a positive slope both in the pre-transition and
post-transition region. This points to the absence of strong
intermolecular interactions between protein molecules
under our experimental conditions. In contrast, remarkable
negative slopes of D(c) are indicative of strongly attractive
interactions, which favor protein association. According to
the weak positive slope of D(c), values of RS calculated
from D at finite protein concentrations are slightly smaller
than the radius calculated from D(0). This should be kept
in mind, when we compare properly extrapolated equilib-
rium data with kinetic data, which are acquired at finite
protein concentrations. The difference is still within the
experimental error for protein concentrations < 2mg/ml.
Accordingly, no corrections of the kinetically measured RS
are performed. The kinetic experiments are carried out at
0.67 M GdnHCl in the presence and absence of ammonium
sulfate (AMS). Both conditions, 0.67M GdnHCl and 0.67 M
GdnHCl with the addition of 0.4 M AMS, are well below
the transition region and are therefore native refolding con-
ditions. Consequently, intermediates on the refolding path-
way are stabilized under these refolding conditions. This
has been shown by Schmid [24] for nearly identical refold-
ing conditions. The addition of AMS shifts the midpoint of
the unfolding transition, as monitored by CD, to higher
GdnHCl concentrations (data not shown) corresponding to
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Figure 1
Ribbon diagram of the X-ray crystal structure [43] of RNase A drawn
with the program SETOR ([44]; PDB code 7rsa). The four disulfide
bonds 26–84, 40–95, 58–110 and 65–72 are shown in black and
marked by an asterisk. Proline residues are present at positions 42, 93,
114 and 117, but only Pro93 and Pro114, which have the preceding
peptide bonds in the cis conformation in the native state, are shown.
Figure 2
Guanidine hydrochloride (GdnHCl) induced unfolding transition curves
of RNase A monitored at 10ºC by (a) CD at 222 nm and (b) dynamic
light scattering (DLS). RNase A was equilibrated overnight in 50 mM
sodium cacodylate buffer at pH 6 and the respective GdnHCl
concentration.
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a stabilization of the native state. RNase A is still com-
pletely unfolded at 6 M GdnHCl, however. It is assumed
that the addition of 0.4 M AMS does not change the slope
of the post-transition baselines.
For the present study, the slope of the post-transition base-
line is particularly important because it is used to determine
the starting point of refolding. Both the ellipticity at 222 nm
and the RS show a noticeable dependence on GdnHCl con-
centration in the unfolded state. This effect is less pro-
nounced and of opposite sign for the CD at 276 nm.
Although this effect could be explained assuming an expan-
sion of the unfolded polypeptide chain with increasing
GdnHCl concentration, the exact nature of the observed
changes is not clear. The important question, whether or
not a linear extrapolation to GdnHCl concentrations below
the unfolding transition is reasonable, remains open. We
believe, however, that linear extrapolation is the most reli-
able procedure to estimate the initial physical parameters of
the polypeptide chain under refolding conditions.
Kinetic measurements
In order to obtain information on the formation of sec-
ondary structure, the rigid environment of aromatic amino
acid sidechains, and the compaction during refolding of
RNase A, refolding is monitored by stopped-flow CD at
222 nm, stopped-flow CD at 276 nm and stopped-flow
DLS. In all refolding experiments RNase A is unfolded by
6 M GdnHCl at 10°C and pH 6. Refolding is initiated by a
ninefold dilution with refolding buffer. Figure 3 shows the
decay of RS obtained for the refolding of RNase A at
0.67 M GdnHCl, in the presence and absence of AMS,
monitored by DLS. Figure 4 shows corresponding changes
of the CD at 222 nm for refolding in the absence of
0.4 M AMS normalized to the total change of the CD
signal between the unfolded and the folded states. The
CD values and RS for the unfolded state of RNase A under
refolding conditions are determined by extrapolating the
post-transition baselines to 0.67 M GdnHCl (Figure 2).
Accordingly, a value of RS = 2.56 ± 0.03 nm is obtained for
the unfolded state. The decay curves of the CD at 222 nm
in the presence of 0.4 M AMS and at 276 nm in the pres-
ence and absence of AMS have a similar pattern and
signal-to-noise ratio (data not shown).
Now, we discuss briefly the information that can be
derived from the kinetic refolding curves. The curves are
fitted by exponentials. Different refolding phases are
resolved by stopped-flow CD at 222 nm and 276nm wave-
lengths (Table 1). Only one kinetic phase can be obtained
from kinetic DLS measurements under both refolding
conditions, however. This means that either the observed
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Figure 3
Stopped-flow DLS refolding experiment with RNase A under native
refolding conditions at 10ºC. Refolding of RNase A was carried out by
ninefold dilution to 0.67 M GdnHCl, 50 mM sodium cacodylate, pH 6
and 0.67 M GdnHCl, 0.4 M ammonium sulfate, 50 mM sodium
cacodylate, pH 6.
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0.67M GdnHCI, 50 mM sodium cacodylate, pH 6
0.67 M GdnHCI, 0.4 M ammonium sulfate,
   50mM sodium cacodylate, pH 6
Figure 4
Refolding experiment with RNase A under native refolding conditions
at 10ºC monitored by stopped-flow CD at 222 nm. Refolding of RNase
A was carried out by ninefold dilution to 0.67 M GdnHCl, 50 mM
sodium cacodylate, pH 6.
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kinetics can be described by a single exponential or the
time resolution of only 1 s and/or the lower signal-to-noise
ratio of the kinetic DLS data do not allow a decomposition
into different kinetic phases. Although in carefully per-
formed equilibrium DLS measurements the experimental
error in the RS is typically ± 1%, an error between ± 3%
and ± 5% has to be considered in the case of the present
kinetic DLS experiments. Taking into account the total
change in RS during refolding, ~30%, a resolution into two
or more components is only possible if the components
have comparable amplitudes and/or very different decay
times (see below). Figure 3 shows the results of two
selected kinetic DLS measurements in the presence and
absence of AMS and protein concentrations of 1.1 mg/ml
and 1.9 mg/ml, respectively. Further DLS refolding experi-
ments under the same solvent conditions within the con-
centration range 1–2 mg/ml and at temperatures of 5°C
and 10°C reveal the following common features. First, the
initial radii obtained from fitting the kinetic traces are all
in the range 2.35–2.40 nm. This means that a strong con-
centration dependence of the RS of the intermediate
formed early during refolding is not observed. Second, the
kinetic traces level off at radii in the range 1.9–2.05 nm.
This is in fair agreement with the equilibrium data shown
in Figure 1. From the kinetic DLS data shown in Figure 2,
we can therefore obtain the dead-time change of RS and
only one kinetic phase. Because important conclusions can
be drawn from the ratio between the amplitudes of the
dead-time change and the kinetic phase, we have to con-
sider the precision of this ratio, which is not only deter-
mined by the experimental error of the kinetic traces but
also by a proper choice of RS of the unfolded protein
under refolding conditions.
Within the margin of error, all three methods monitor one
refolding phase with a time constant τ2 =14s in the pres-
ence of AMS and τ2 =28–41s in the absence of AMS, which
reflects the folding of the intermediate I1 to the intermedi-
ate IN of the slow folding species USII. An additional very
slow phase is resolved by stopped-flow CD at 276nm
(Table 1). Proline isomerization is known to be such a slow
reaction. In the refolding process of RNase A, the step
IN→N is a proline isomerization reaction, which can be
monitored by changes in the tyrosine fluorescence signal.
The slowest phase detected by CD at 276 nm is hardly
accelerated by the addition of AMS to the refolding buffer,
which is expected for reactions that are limited by proline
isomerization: the time constant of refolding to 0.67 M
GdnHCl in the absence of 0.4 M AMS is τ3 = 125 ± 26 s
and in the presence of AMS is τ3 = 95 ± 5 s. The time con-
stant of refolding monitored by CD at 276 nm is found to
be coincident with that monitored by tyrosine fluores-
cence (data not shown). These results indicate that the
proline isomerization step IN→N not only causes a change
of the tyrosine fluorescence but also a change of the near-
UV CD signal. The proline isomerization reaction is not
seen by DLS or by CD at 222 nm (Figures 3 and 4), which
means that the intermediate IN has the compact dimen-
sions of the native protein as well as the same global
secondary structure content as the native protein.
The fast reaction detected by stopped-flow CD in the near-
UV and far-UV CD (Figure 4, Table 1), which contributes
to the total change only by ~5%, may result from the folding
of the slow folding species (USII→I1) and from the folding
of the medium folding species Um. Double-jump experi-
ments are necessary to characterize the fast folding reaction
seen by stopped-flow CD in the far-UV and near-UV CD.
Dead-time changes are observed for all three signals. The
changes are least for the CD at 276 nm, but constitute
nearly half of the total change for the CD at 222 nm.
Although the presence of 0.4 M AMS considerably acceler-
ates the formation of the native-like intermediate IN, the
influence on the dead-time amplitude of all three probes is
only marginal. The dead-time amplitude of the CD at
276 nm is of the order of 20%. This implies that it results
essentially from the folding of the fast folding molecules to
the native state, which constitute 20–30% of all molecules
[18,24]. Thus, the dead-time CD signal at 276 nm of the
slow folding species is practically zero.
The difference in the dead-time amplitude between refold-
ing monitored by stopped-flow DLS and stopped-flow CD
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Table 1
Relative amplitudes and time constants of RNase A refolding monitored by far-UV and near-UV CD and DLS.
Method AMS Adead time (%) A1 (%) τ1 (s) A2 (%) τ2 (s) A3 (%) τ3 (s)
DLS + 37 ± 10 63 ± 10 13 ± 3
– 32 ± 6 68 ± 6 28 ± 5
CD (276 nm) + 22.7 ± 3 4.8 ± 1.5 0.34 ± 0.19 38.5 ± 2 14 ± 1 34 ± 2 95 ± 5
– 15 ± 23 5 ± 1 0.92 ± 0.48 37 ± 17 42 ± 12 43 ± 16 125 ± 26
CD (222 nm) + 46.6 ± 4 8 ± 4 4 ± 2 45.4 ± 0.5 13.9 ± 0.9
– 44 ± 2 3 ± 2 0.12 ± 0.08 53 ± 0.2 40.5 ± 0.4
Refolding kinetics of RNase A in the presence and absence of ammonium sulfate (AMS). Refolding was initiated by ninefold dilution from
6 M GdnHCl, 50 mM sodium cacodylate (+/– 0.4 M AMS), pH 6 to 0.67 M GdnHCl, 50 mM sodium cacodylate (+/– 0.4 M AMS), pH 6 at 10°C.
at 222nm is striking and will be the subject of a more
detailed discussion below. In both cases, the dead-time
amplitudes are > 20% and therefore result only partly from
the folding of fast folding molecules. According to the CD
at 222nm a larger amount of secondary structure is already
formed compared with the increase in compactness moni-
tored by DLS within the dead time of the experiments. In
order to analyze the refolding pathway of RNase A, the
data are given in a different representation in Figure 5,
which allows a better comparison of the amount of sec-
ondary structure and compactness at particular stages of
folding. The fraction of secondary structure determined
by CD at 222 nm is plotted against the relative compact-
ness of the molecules determined by DLS at different
times of refolding. The CD data are averaged to get the
same time resolution as that in the DLS experiments. Sec-
ondary structure detection by CD at certain stages of
folding and whether or not it can be identified with native
secondary structure is discussed below. The data shown in
Figure 5 are not corrected with respect to the folding of
the slow folding species. Such a correction could be useful
because the folding of the fast folding species is com-
pleted at all times for Figure 5. Formally, it should be
correct to subtract a 20–30% native background signal
from both the CD and the DLS data. The effect of the
correction would be an even more pronounced difference
between secondary structure formation and compaction
within the dead time of the experiments. We have not
applied this procedure for two reasons, however. First, this
seems to overestimate the precision of the data, particu-
larly that obtained from DLS, and second, the actual
amount of fast folding molecules cannot be estimated very
well. We will therefore discuss below only such general
features that have become evident already from the
primary data.
As a control we have performed refolding experiments in
the presence of 2 M GdnHCl, for which the refolding
process is slowed down and the intermediates I1 and IN
are strongly destabilized (data not shown). In this case, a
minor fast phase (τ = 5 s) and a major slow phase
(τ = 450 s) are obtained even from DLS data. The initial
and final radii obtained by fitting the kinetic DLS data are
2.57 nm and 2.03 nm, respectively. Accordingly, no dead-
time signal is observed. No systematic deviation from the
diagonal is observed when secondary structure is plotted
against compactness, in contrast to the data shown in
Figure 5.
Discussion
The aim of this work is, first, to study the compactness of
RNase A molecules at different stages of folding and,
second, to establish a relationship between secondary struc-
ture formation and compaction in order to characterize their
folding process more generally, particularly in the light of
existing folding hypotheses. The time resolution is limited
to 1 s according to the slowest method used, namely how
fast RS for RNase A can be measured by dynamic light scat-
tering. With the exception of one control experiment at 2 M
GdnHCl, the investigations are performed under native
conditions. Consequently, intermediates on the major slow
folding pathway are stabilized and the fast folding molec-
ules (Uf, Uvf and Um) have already reached the native state.
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Figure 5
The relationship between secondary structure formation and
compaction during refolding of RNase A at 10°C in 50 mM sodium
cacodylate, pH 6 and (a) 0.67 M GdnHCl or (b) 0.67 M GdnHCl,
0.4 M ammonium sulfate. Compactness is defined as: [RS,unfolded –
RS(t)]/[RS,unfolded – RS,folded]. RS was obtained by extrapolation of the
post-transition baseline to the Stokes’ radius (RS) at 0.67 M GdnHCl
(Figure 2).
1.0
0.8
0.6
0.4
0.2
0.0
S
ec
on
da
ry
 s
tr
uc
tu
re
(a)
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8
0.6
0.4
0.2
0.0
S
ec
on
da
ry
 s
tr
uc
tu
re
(b)
0.0 0.2 0.4 0.6 0.8 1.0
Compactness
Compactness
Folding & Design
These folded molecules add a 20–30% native background
signal to all experimental quantities because an average
over all molecules is measured. The predominant contribu-
tion to the observed signals results from the major slow
folding species USII. The transition USII→I1 proceeds
within the dead time, whereas the subsequent transitions,
I1→IN→N, can be monitored by the measured kinetics.
The intermediate I1 is only weakly collapsed
Measurements of the compactness of proteins during
folding have been shown to be complicated in some cases
as a result of simultaneous association of the proteins
[12,25–27]. With our stopped-flow DLS setup we can
determine RS as well as association effects by monitoring
the intensity of the scattered light during a refolding
experiment. In a previous study it was demonstrated that
there is no competing association during refolding of
RNase A [14]. Our main observations concerning the
development of compactness can be summarized as
follows. First, the decrease in the average RS within the
dead-time compared with the total change is only 32% in
the absence of 0.4 M AMS and 37% in the presence of
0.4 M AMS. This means that RS is ≥ 20% larger in I1 than
in the native state. Second, the presence of AMS does not
remarkably enhance the degree of condensation during
the dead-time. Third, the predominant increase in com-
pactness is observed during the subsequent rate-limiting
step I1→IN simultaneously with the corresponding changes
observed by CD. Fourth, RS approaches the value for the
native state when IN is reached according to the spectro-
scopic data. This was not to be expected because the rigid
environment of aromatic sidechains is not fully developed
at this stage and RNase A still has at least one essential
proline isomer in the non-native conformation. Finally, we
could not detect a strong concentration dependence of RS
at times immediately after initiation of folding. Thus,
there is no indication for strong intermolecular interactions
between protein molecules in the I1 state.
The most striking result is the relatively low compactness
of the intermediate I1 (RS > 1.2RS,native). The dimensions
of the equilibrium molten globule of α-lactalbumin, which
can be considered as being typical of a hydrophobically
collapsed structure, are only larger by ~10% than under
native conditions [28,29]. Only a few data exist for kinetic
molten globules. Eliezer et al. [11] have measured a radius
of gyration of the apomyoglobin folding intermediate of
2.3 nm, which is only 0.1 nm greater than the value
obtained for the refolded protein. Our recent kinetic DLS
studies of the kinetic molten globule of bovine α-lact-
albumin (K. Gast, A. Noppert, D. Zirwer and G. Dam-
aschun, unpublished observations) yielded RS only ~5%
greater than the value for the native protein. In addition,
strong attractive intermolecular interactions have been
observed. Thus, I1 differs in its properties from typical
hydrophobically collapsed structures.
The relationship between secondary structure formation
and compaction
In contrast to the relatively low compactness of I1, almost
50% of the CD signal at 222 nm of the native state is
regained 1 s after initiation of folding. The fact that sec-
ondary structure formation exceeds the degree of com-
paction immediately after initiation of folding and the
simultaneous development of both quantities at later
stages is illustrated in Figure 5. The isomerization step is
not seen in the CD signal at 222 nm (Figure 4). Thus, the
secondary structure is already fully developed when IN is
approached. The CD data at 276 nm show that IN has only
part of the rigid sidechain structure of the native state,
which is reached within the slowest phase. This phase has
been identified with a proline isomerization step.
By normalizing the CD at 222 nm with respect to the dif-
ference of the signals in the native and unfolded states, we
have formally identified the strength of the CD with the
relative amount of native secondary structure. Whether the
kinetic CD signal measured at a fixed wavelength essen-
tially reflects elements of native secondary structure or
results from transiently formed non-native secondary struc-
ture will now be considered. Native RNase A (Figure 1)
consists of 3 α helices and antiparallel β sheets, which
amount to 24% and 35% of the total secondary structure,
respectively. The CD at 222 nm of an α helix is ~2.5 times
greater than that of antiparallel β structure [30]. Despite
this greater sensitivity in detecting helical structures, the
CD at 222 nm is suitable for monitoring the formation of
essential secondary structure elements of native RNase A.
A more serious limitation of the CD method is that the
location of elements of secondary structure within the
polypeptide chain cannot be specified. Most importantly,
CD cannot distinguish between authentic hydrogen-
bonded and fluctuating secondary structure. Whether or
not secondary structure detected by CD of partly folded
proteins is hydrogen bonded is still a matter of dispute. It
has been concluded from the lack of a measurable pro-
tection against amide proton exchange that perchlorate-
denatured RNase A has no hydrogen-bonded secondary
structure despite the observed CD spectrum [31]. On the
other hand, it has been shown [32] that folding intermedi-
ates with rapidly exchangeable amide protons may contain
authentic hydrogen-bonded secondary structure. Accord-
ingly, far-UV CD data alone give only a rough picture of
the formation of secondary structure, particularly at early
stages of folding. Furthermore, the relative contributions of
native (productive) and non-native (non-productive) secon-
dary structure during the course of folding cannot be speci-
fied in general. Non-native secondary structure becomes
evident from CD, only when an overshoot of the signal is
observed as for β-lactoglobulin [33].
The question concerning the existence of elements of
native secondary structure in the folding intermediate I1 is
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difficult to answer, not only by CD but in general. The
experimental findings supporting the idea that segments
of the polypetide chain, particularly those corresponding
to the three helices, can form secondary structure in the
absence of tertiary interactions, have been reviewed by
Neira and Rico [34]. It is worth remembering that in the
case of RNase A, non-local interactions provided by the
four disulfide bonds could also participate in driving sec-
ondary structure formation. In particular, the formation of
the small anti-parallel β sheet (residues 61–63 and 72–74)
might be favored by the disulfide bond (between residues
65 and 72; see upper left asterisk in Figure 1.
In discussing the secondary structure formation in I1 it is
most important to refer to the results of corresponding
pulsed hydrogen exchange experiments [22]. These experi-
ments have been performed under similar, but more native,
conditions (0.25 M GdnHCl, 0.44 M sodium sulfate), under
which folding is faster and IN is formed in the time range
0–4 s. The following striking properties of I1 have been
deduced. Large protection factors throughout all β sheet
regions are observed suggesting that the entire β sheet is
already formed. I1 appears to be not fully populated,
however, and the proton exchange behavior changes with
time as IN is progressively formed. This implies that sec-
ondary structure detected by CD at 222 nm not only
results from isolated helices, but also from rapidly formed
β sheets. It has to be taken into consideration that this
rapidly formed secondary structure is non-native and repre-
sents a heterogeneous population of different conformers.
The conversion to native secondary structure proceeds in
the rate-limiting step when IN is formed. Details of this
process cannot be specified on the basis of our results. A
plausible mechanism could be a re-opening of the entire
largely hydrogen-bonded structure and then folding to the
native structure. This would be consistent with the rela-
tively large RS, but not with the hydrogen exchange data
[22,23]. Despite the existence of hydrogen bonds through-
out the entire molecule, amino acid sidechains, particu-
larly those of tyrosines, are not in a fixed environment, as
can be seen from the CD at 276 nm.
It is now well established [18] that the non-native trans-
isomer of Pro93 has a large effect in slowing down the
folding process. Pro93 is part of a β hairpin. It is interest-
ing that the incorrect isomer is responsible for the high-
energy barrier, but does not prevent the protein molecules
from achieving a native-like secondary structure and com-
pactness. Levitt [35] has proposed the existence of three
types of prolines, those that do not affect folding, those
that decrease the folding rate without preventing folding,
and those that block the folding process.
Here, Figure 5 is used to characterize the folding of
RNase A, particularly that of the slow folding species.
Figure 5 is suitable for classifying intermediate states of
protein folding with respect to their compactness and sec-
ondary structure content. An initial hydrophobic collapse
without concurrent secondary structure formation would
be found well below the diagonal, whereas intermediates
following a sequential folding scheme appear above the
diagonal. If folding kinetics analyzed in this way yield data
on the diagonal, we have to distinguish between two cases.
In the first case, intermediates are not present and the
observed kinetics reflect only the time dependence of the
ratio of folded to unfolded molecules. This is observed
when refolding of RNase A is monitored under destabiliz-
ing conditions (2 M GdnHCl; data not shown). If the pop-
ulation of intermediate states at particular folding times is
manifested by other methods, however, then secondary
structure formation and compaction proceed concurrently,
as predicted for the limiting case of the hydrophobic
collapse model.
Our results clearly show that a global hydrophobic collapse
is not observed when I1 is formed. We cannot exclude the
condensation of isolated regions of the polypeptide chain
into local hydrophobic clusters (e.g. the C-terminal region
106–124, which is the most hydrophobic region in RNase A)
because RS monitors changes in the hydrodynamic volume
of the entire molecule. Rather, our results favor a sequential
folding mechanism, which predicts the formation of sec-
ondary structure prior to the condensation into the compact
native structure. This requires that the transiently formed
secondary structure comprises essentially native-like ele-
ments, however. This is not certain in the present case as
discussed above. Accordingly, alternative mechanisms, such
as including the existence of an ensemble of conformations
with non-native secondary structure for I1, have to be taken
into consideration.
Although no folding intermediates are observed under
destabilizing conditions, the refolding investigations in the
presence of 2 M GdnHCl yield some important additional
information. There is practically no dead-time change in
RS and the formation of the compact native structure by
the slow and the fast folding species can be monitored by
DLS. This further supports the absence of an unspecific
collapse and shows that this holds for both the slow and
fast folding species.
Other studies concerning the relationship of secondary
structure formation and compaction on different proteins
are known in which information on the compactness has
been determined indirectly. For example, refolding of
barstar has been described by a hydrophobic collapse
model [36]. The conclusions in this study were drawn
based on measurements that show that a hydrophobic
core is already formed within the dead time of the experi-
ment, whereas neither secondary structure nor specific
contacts of aromatic sidechains have been formed at this
time. A further example is the refolding of α-lactalbumin,
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in which secondary structure formation and compaction
occur at the same time. This is also consistent with the
limiting case of the hydrophobic collapse model [37]. For
barstar and α-lactalbumin, hydrophobic interactions are
therefore important for initiating refolding.
It becomes more and more evident that protein folding
cannot be described by a unique mechanism; different
folding schemes should be expected depending on the
protein and the refolding conditions. RNase A contains
fewer hydrophobic amino acids than α-lactalbumin. This is
obviously the reason for the absence of an initial hydropho-
bic collapse in the case of RNase A; α-lactalbumin,
however, collapses rapidly into a dense molten globule.
The compaction of RNase A molecules occurs essentially
in the rate-limiting step of folding. A similar observation
has been made by measuring the viscosity dependence of
the folding rates of the cold-shock protein CspB [38].
Thus, a folding mechanism without initial hydrophobic
collapse could be preferred by less hydrophobic proteins.
For the β-sheet protein tendamistat it has been shown that
no nonspecific hydrophobic collapse is observed at the
beginning of the refolding process [39]. Obviously, non-
local interactions, which are important for obtaining the
compactly folded conformation, are provided essentially by
hydrogen bonds for proteins like RNase A. It must be
emphasized, however, that our results are strictly valid only
for the slow folding species of RNase A.
Materials and methods
Reagents
Ultra-pure GdnHCl is obtained from ICN Biochemicals, Inc. The molarity
of GdnHCl is controlled refractrometrically [40]. Bovine pancreatic
RNase A is purchased from Sigma and is used without further purifica-
tion. Denatured protein solutions are made by dissolving RNase A in:
50 mM sodium cacodylate buffer, pH 6 containing 6 M GdnHCl; and
50 mM sodium cacodylate buffer, pH 6 containing 0.4 M AMS and
6 M GdnHCl. The denatured protein solution is dialyzed against the
same buffer overnight at 4–5ºC. RNase A concentrations are deter-
mined using an extinction coefficient of A(0.1%, 1cm) = 0.69 at 277 nm.
CD measurements
CD experiments are carried out on a J-720 spectrometer (JASCO, Japan).
The CD spectrometer is calibrated with (+)-10-camphorsulfonic acid at
290.5 nm and 192.5 nm [41]. All experiments are performed at 10ºC.
GdnHCl-induced unfolding curves
The following procedure is used to measure the change in the CD signal
of RNase A as a function of GdnHCl concentration. Three stock solu-
tions are made, a protein stock solution, a GdnHCl stock solution and a
buffer stock solution. The buffer stock solutions are: 50 mM sodium
cacodylate buffer, pH 6; and 50 mM sodium cacodylate buffer, pH 6
containing 0.4 M AMS. The protein stock solution is made by dissolving
the protein in the buffer stock solution. The GdnHCl stock solutions con-
tained the same ingredients as the buffer stock solution except that they
also contained GdnHCl at ~7.5 M. To carry out the CD measurements
at 222 nm, 40 µl of the RNase A stock solution are diluted into 400 µl
solution containing GdnHCl stock solution and buffer stock solution in
various ratios. The final RNase A concentrations are ~0.2 mg/ml. These
solutions are placed in a refrigerator (4–5ºC) for ≥ 12 h before their CD
signal is measured. The solutions are allowed to equilibrate within a
1 mm cuvette for ≥ 6 min at 10ºC before each measurement. Reference
buffers are prepared and measured in the same way. To carry out the
CD measurements at 276 nm, 200 µl of RNase A stock solution are
diluted into 2000 µl solution containing GdnHCl stock solution and
buffer stock solution in various ratios. The final RNase A concentrations
are 1.1–1.5 mg/ml. The solutions are treated as described above except
that the CD signal is measured in 1 cm cells.
Kinetic CD measurements
With the exception of the control experiment in the presence of
2 M GdnHCl, refolding is initiated by ninefold dilution of protein unfolded
in: 50 mM sodium cacodylate buffer, pH 6 containing 6 M GdnHCl; and
50 mM sodium cacodylate buffer, pH 6 containing 0.4 M AMS and
6 M GdnHCl. Kinetic CD measurements are carried out on a SFM-3
stopped-flow system (BioLogic, France) coupled to a J-720 spectropho-
tometer. For the CD measurements at 222 nm cuvettes of 1.5 mm path
length are used. Final protein concentrations are 0.2–0.3 mg/ml. For the
CD measurements at 276 nm cuvettes of 5 mm path length are used.
Final protein concentrations are 1.8–2.4 mg/ml. The number of data
points that can be monitored in one kinetic CD experiment is experimen-
tally limited to 2000. In order to resolve the slow as well as the fast
folding reactions, measurements are performed with different time resolu-
tions. Each experiment is repeated several times. To study the change of
the CD signal within seconds, a time resolution of 6 ms is used. 50–80
individual kinetics are superimposed to improve the signal-to-noise ratio.
To study the change of the CD signal within seconds to minutes a time
resolution of 20 ms is applied. This experiment is repeated 20–40 times.
Kinetics of refolding that last several minutes are studied with a time
resolution of 0.1–0.2 s. This experiment is repeated 5–10 times.
DLS measurements 
The laboratory-built DLS apparatus has been described in detail in
[25]. The DLS setup mainly consists of an argon laser LEXEL 3500, a
thermostated cell holder, a detection system and a 90-channel multibit
multiple-τ correlator. The laser is operated at a wavelength of 514.5 nm
and a power of 1 W. The scattered light is detected at a scattering
angle of 90º. The correlator calculates the homodyne intensity autocor-
relation function from which the translational diffusion coefficient D is
obtained by using the program CONTIN [42]. The Stokes’ radius RS is
related to D via the Stokes–Einstein relation: RS = kT(6πηD)–1, where k
is the Boltzmann constant, T the temperature in Kelvin, and η stands for
the solvent viscosity.
Stokes’ radius as a function of GdnHCl concentration
The following procedure is used to measure the Stokes’ radius of
RNase A as a function of GdnHCl concentration. RNase A is dissolved
in the respective buffer and dialyzed overnight against the same buffer
in a refrigerator (4–5ºC). The diffusion coefficient D of each protein
solution is measured for at least five different concentrations in the
range 0.7–8 mg/ml. From the diffusion coefficient extrapolated to zero
protein concentration, the RS is determined.
Kinetic DLS measurements
Refolding at 0.67 M GdnHCl is initiated by ninefold dilution of protein
unfolded in: 50 mM sodium cacodylate buffer, pH 6 containing
6 M GdnHCl; and 50 mM sodium cacodylate buffer, pH 6 containing
0.4 M AMS and 6 M GdnHCl. Kinetic refolding reactions are induced
by concentration jumps of GdnHCl using a stopped-flow apparatus
SFM-3 from BioLogic attached to the dynamic light scattering appara-
tus [25]. Before each kinetic experiment, the entire stopped-flow part is
flushed with filtered buffer solutions until it is sufficiently free of dust
and bubbles. For each time point of refolding, the homodyne intensity
autocorrelation function is determined. In order to get an adequate
signal-to-noise ratio for a time resolution of one second, the experiment
is repeated 120–135 times. Although special care is taken to flush the
entire stopped-flow part, transient bubbles are observed. Correlation
functions, which are distorted by unavoidable bubbles, are excluded
from further data evaluation; ~20% of the data is lost in this way. Final
protein concentrations are 1.1–1.9 mg/ml. Rectangular cells with
1.5 mm path length are used.
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